Metabolic highways may be orchestrated by the assembly of sequential enzymes into protein complexes, or metabolons, to facilitate efficient channeling of intermediates and to prevent undesired metabolic cross-talk while maintaining metabolic flexibility. Here we report the isolation of the dynamic metabolon that catalyzes the formation of the cyanogenic glucoside dhurrin, a defense compound produced in sorghum plants. The metabolon was reconstituted in liposomes, which demonstrated the importance of membrane surface charge and the presence of the glucosyltransferase for metabolic channeling. We used in planta fluorescence lifetime imaging microscopy and fluorescence correlation spectroscopy to study functional and structural characteristics of the metabolon. Understanding the regulation of biosynthetic metabolons offers opportunities to optimize synthetic biology approaches for efficient production of high-value products in heterologous hosts.
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Metabolic highways may be orchestrated by the assembly of sequential enzymes into protein complexes, or metabolons, to facilitate efficient channeling of intermediates and to prevent undesired metabolic cross-talk while maintaining metabolic flexibility. Here we report the isolation of the dynamic metabolon that catalyzes the formation of the cyanogenic glucoside dhurrin, a defense compound produced in sorghum plants. The metabolon was reconstituted in liposomes, which demonstrated the importance of membrane surface charge and the presence of the glucosyltransferase for metabolic channeling. We used in planta fluorescence lifetime imaging microscopy and fluorescence correlation spectroscopy to study functional and structural characteristics of the metabolon. Understanding the regulation of biosynthetic metabolons offers opportunities to optimize synthetic biology approaches for efficient production of high-value products in heterologous hosts. P lants produce a plethora of specialized metabolites to fend off attack from herbivores and pests and to adapt to abiotic stresses. One class of specialized metabolites is the cyanogenic glucosides, such as dhurrin, which is present in Sorghum bicolor (1) . Dhurrin is produced from the amino acid L-tyrosine and synthesized by three membrane-anchored proteinsthe NADPH (reduced nicotinamide adenine dinucleotide phosphate)-dependent cytochrome P450 oxidoreductase (POR) and two cytochrome P450 enzymes (CYP79A1 and CYP71E1)-and by a soluble UDP (uridine diphosphate)-glucosyltransferase (UGT85B1) (2) (Fig. 1A) . When cellular integrity is disrupted, such as by a chewing insect, dhurrin is hydrolyzed, which results in the release of toxic hydrogen cyanide (Fig. 1A) (1).
The dhurrin content of 3-day-old etiolated seedlings reaches 30% of their dry weight (3), even though the enzymes involved in dhurrin biosynthesis constitute less than 1% of the total membrane protein content (4) . This efficiency may be governed by metabolon formation. Metabolon disassembly would result in the release of an aldoxime intermediate, which has been proposed to act as an antifungal agent (5) . Several biosynthetic pathways have been proposed to involve the formation of metabolons, which are often depicted as static entities composed of equimolar protein components (2, (6) (7) (8) . Here we report proteinprotein interactions (including oligomer formation), protein dynamics, and functional regulation of the metabolon that catalyzes dhurrin synthesis.
The isolation of dynamic membrane-embedded metabolons is hampered by their destabilization and dissociation upon detergent solubilization of the lipid bilayer. The use of the styrene maleic acid (SMA) copolymer circumvents these issues. The SMA polymer spontaneously integrates into the lipid bilayer and carves out discrete lipid particles (SMALPs) containing the resident membrane proteins and the surrounding lipids (9) . We used the SMALP technology in combination with affinity chromatography to isolate the dynamic dhurrin metabolon ( fig. S1 ).
Application of the SMA polymer to microsomes prepared from etiolated sorghum seedlings resulted in the formation of discrete SMALPs ranging from 10 to 25 nm in diameter (n = 242) (Fig. 1B) . These particles were larger than previously reported SMA particles obtained from pure lipids or harboring a single protein (10 nm on average) (9) . POR is the common electron donor to all microsomal P450s (10). The SMALPs were purified by 2′,5′ADP (adenosine diphosphate)-Sepharose affinity chromatography, based on the NADPH cofactor requirement of POR, for copurification of POR-associated proteins ( fig. S2 ). We analyzed the protein content in the course of SMALP purification by quantitative mass spectrometry (Fig.  1C, fig. S3 , and data S1 and S2) (11) . As a control, the same purification was carried out using the anionic detergent cholate instead of the SMA polymer. The protein enrichment was determined on the basis of the content of the three POR isoforms (POR2a to -c), the P450 proteins, and other enzymes including UGT85B1, dhurrinase, cytochrome b 5 (Cytb 5 ), and Cytb 5 reductase (table S1). Microsomal and SMA-solubilized fractions had similar protein content ( fig. S3 ). After affinity chromatography, 132 proteins were quantified in the SMALPs, with the P450s CYP79A1 and CYP71E1 among the eight most abundant proteins (Fig. 1C) . In contrast, no P450 enrichment was observed in the cholate sample (table S1). The soluble UGT85B1 was identified in all samples but could not be quantified in the purified SMALP sample, most likely because of the extensive washing steps during microsome preparation and affinity chromatography. The strong enrichment of the entire complement of membrane-bound dhurrin pathway enzymes in the affinity-purified SMALPs demonstrates that these enzymes are assembled in a metabolon.
Functional regulation of dhurrin biosynthesis as a response to environmental stresses (1) likely involves dynamic assembly and disassembly of the metabolon. Therefore, we studied the effect of UGT85B1 on the channeling of L-tyrosine toward dhurrin by in vitro reconstitution of the dhurrin enzymes in liposomes. Catalytic activities of P450s were determined based on the amounts of aldoxime (CYP79A1-mediated) and cyanohydrin (CYP71E1-mediated) produced after administration of radiolabeled L-tyrosine substrate ( Fig. 2A ). In the absence of UGT85B1, 50% of the produced aldoxime was further converted into the cyanohydrin, corresponding to a catalytic rate constant for CYP79A1 (k cat ) and thus demonstrating an increased flux of L-tyrosine through the P450s and improved channeling (80%; Fig. 2A ). Addition of UDP-glucose did not further increase the catalytic efficiency of the two P450s or the channeling of the aldoxime. Additionally, UGT85B1 did not stimulate CYP71E1 activity, as observed by administration of aldoxime as a substrate ( Fig.  2A) . Therefore, we propose that UGT85B1 binds specifically to both P450s and augments the flux and channeling of L-tyrosine toward dhurrin.
The impact of membrane lipid composition on the catalytic activities of the dhurrin pathway P450s was examined by reconstitution experiments in liposomes, using different ratios of phospholipids based on the enrichment observed in the purified SMALP samples ( fig. S5 and data S3 to S5). CYP79A1 activity was marginally influenced by the phospholipid composition. In contrast, the catalytic efficiency of CYP71E1 was highly sensitive to the lipid environment and dependent on the total concentration of negative charges derived from the lipid headgroups of PG, PS, and PI, with an optimum efficiency in liposomes containing 20 to 30% negatively charged phospholipids (Fig.  2B) . This matches the observed enrichment of PG in the purified SMALPs.
To study the organization of the dhurrin pathway enzymes in planta, we transiently expressed CYP79A1, CYP71E1, UGT85B1, POR2b, and different combinations of these (including control proteins) in Nicotiana benthamiana leaf epidermal cells (11) , the most suitable plant expression system for in planta fluorescence lifetime imaging microscopy (FLIM) and fluorescence correlation spectroscopy (FCS). The expression levels of the heterologous proteins in N. benthamiana were quantitatively comparable to those in S. bicolor seedlings (table S2 and data S6).
Upon coexpression of CYP79A1 and CYP71E1, several byproducts of the dhurrin pathway and some dhurrin accumulated (Fig. 3A) . The formation of dhurrin reflects the inherent capability of N. benthamiana to glycosylate exogenous compounds (12) . Coexpression of UGT85B1 with the two P450s and without S. bicolor POR2b resulted in the accumulation of 263% more dhurrin and a reduction of byproduct release to 9% of the level observed in the absence of UGT85B1 (table S3) . The efficient channeling of intermediates achieved upon coexpression of UGT85B1 supports the assembly of a metabolon in planta and confirms that endogenous N. benthamiana POR is sufficient to provide reducing equivalents to the P450s.
To further evaluate dhurrin metabolon formation, we expressed CYP79A1, CYP71E1, UGT85B1, and POR2b as fusion proteins with different fluorescent proteins suitable for in planta FLIM and FCS (figs. S6 to S8) (11) . First, the functionality of the target enzymes after fusion was assessed. All possible combinations with enhanced green fluorescent protein (eGFP) fused to two of the three target proteins produced similar amounts of dhurrin and byproducts (Fig. 3A and table S3 ). No apparent difference between the use of Nand C-terminally tagged UGT85B1 was observed, and here we present only the data obtained for N-terminal fusion constructs. The tracking of fluorescent fusion constructs of the dhurrin enzymes with confocal microscopy techniques (movies S1 and S2) illustrated their fast movement in the plant cell along the endoplasmic reticulum (ER) network, as has also been observed in studies of other metabolons (7, 8, 13) . Quantified by FCS, the average diffusion coefficients of individual dhurrin enzymes decreased upon coexpression of the two other partners, whereas the diffusion of the POR2b:eGFP fusion protein was not influenced by coexpression of dhurrin enzymes (Fig. 3 , B and C; fig. S9 ; and tables S4 and S5).
The fluorescence (Förster) resonance energy transfer (FRET) efficiencies from pairwise combinations of all target fluorescent fusion proteins were calculated to gain a more detailed knowledge of the organization of the dhurrin metabolon ( fig. S10) , and CYP71E1 were reconstituted in liposomes from a total lipid extract from sorghum microsomes. The catalytic activity of CYP79A1 ("79") and CYP71E1 ("71") was measured in the absence of or after supplementation with UGT85B1 ("UGT") and/or UDP-glucose ("UDP-G"), using radiolabeled L-tyrosine or aldoxime as the substrate. (B) POR2b, CYP79A1, and CYP71E1 were reconstituted in liposomes with different lipid mixtures of POPC, POPG, POPS, POPE, and PI.The catalytic activity of CYP79A1 and CYP71E1 was measured and compared with that measured in (A) (relative activity).The inset shows the relative catalytic activity for a titration of PG lipids and P450 activities. All functional data are averages of biological triplicates, and error bars indicate ±SD. PC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; PS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine; PG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol); PI, L-a-phosphatidylinositol; PE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine.
CYP79A1, CYP71E1, and UGT85B1 all form homoand hetero-oligomers with FRET values higher than those of the controls (Fig. 4, A to E, and tables S6 to S10). FRET signals for CYP79A1-CYP79A1, CYP71E1-CYP71E1, and CYP79A1-CYP71E1 complexes were unaffected by coexpression of UGT85B1. In contrast, UGT85B1-UGT85B1 oligomerization was enhanced by coexpression of either CYP79A1 or CYP71E1, with the highest FRET signal observed when the entire dhurrin pathway was expressed, suggesting recruitment of UGT85B1 by the P450s (Fig. 4C) . We therefore Fig. 3 . Functional fluorescence labeling of dhurrin biosynthetic enzymes and control proteins for in planta studies. (A) Liquid chromatography-mass spectrometry data for dhurrin biosynthesis in N. benthamiana upon expression of CYP79A1, CYP71E1, and UGT85B1. Metabolite profiles were monitored as total ion chromatograms (TICs). Peaks 1 to 6 are byproducts of dhurrin intermediates. Prunasin was used as a primary internal standard and amygdalin as a secondary internal standard. The combination of CYP79A1 and CYP71E1 ("79 + 71") was used as a reference (100%) for the total level of accumulated byproducts. (B) Apparent diffusion of eGFP-labeled soluble proteins and (C) ER proteins measured by in planta FCS onto ER. CYP98A1:eGFP and free eGFP were used as controls. The CYP98 family of P450 enzymes belongs to the CYP71 clan, like CYP79A1 and CYP71E1. CYP98 catalyzes the introduction of hydroxyl groups at the meta position of phenylpropanoidderived esters and was chosen as a control because it is not involved in dhurrin metabolism. Letters indicate statistically significant similarities for the recorded values, based on t test pairwise comparisons with P < 0.05. Error bars indicate ±SD.
conclude that the soluble UGT85B1 interacts with both CYP79A1 and CYP71E1, but that it is not necessary for CYP79A1-CYP71E1 complex formation (Fig. 4E) . CYP79A1, CYP71E1, CYP98A1, and POR2b are situated very close together at the ER surface and have comparable pairwise FRET values (Fig. 4F and table S11 ). All microsomal P450s require electron donation from POR; therefore, it is not surprising that CYP98A1 is proximal to the dhurrin biosynthetic enzymes (Fig. 4, A, B, and D) . UGT85B1 was situated close to the nonpartner ER membrane proteins, CYP98A1 and POR2b, when CYP79A1 and CYP71E1 were coexpressed (table S12) .
A prerequisite to understanding how cells coordinate diverse metabolic activities is to understand how the enzyme systems catalyzing these reactions are organized and their possible enrollment as part of dynamic metabolons. Efforts to maximize product yield from genetically engineered pathways (14) (15) (16) (17) would benefit from this information. In this study, we showed that the dhurrin pathway forms an efficient metabolon. CYP79A1 and CYP71E1 form homo-and hetero-oligomers, which enable recruitment of the cytosolic soluble UGT85B1 (Fig. 4G) . UGT85B1 regulates the flux of L-tyrosine and stimulates channeling between CYP79A1 and CYP71E1. Efficient metabolic flux and channeling require an overall negatively charged lipid surface and may provide an additional means for regulating the dynamic assembly necessary to respond swiftly to environmental challenges. A similar organization may characterize the biosynthetic pathways of other specialized metabolites as well. Figs. S1 to S10 Tables S1 to S14 References (18-30) Movies S1 and S2 Data S1 to S6 A kinship between cranial and pelvic visceral nerves of vertebrates has been accepted for a century. Accordingly, sacral preganglionic neurons are considered parasympathetic, as are their targets in the pelvic ganglia that prominently control rectal, bladder, and genital functions. Here, we uncover 15 phenotypic and ontogenetic features that distinguish pre-and postganglionic neurons of the cranial parasympathetic outflow from those of the thoracolumbar sympathetic outflow in mice. By every single one, the sacral outflow is indistinguishable from the thoracolumbar outflow. Thus, the parasympathetic nervous system receives input from cranial nerves exclusively and the sympathetic nervous system from spinal nerves, thoracic to sacral inclusively. This simplified, bipartite architecture offers a new framework to understand pelvic neurophysiology as well as development and evolution of the autonomic nervous system.
T he allocation of the sacral autonomic outflow to the parasympathetic division of the visceral nervous system-as the second tier of a "cranio-sacral outflow"-has an ancient origin, yet a simple history: It is rooted in the work of Gaskell (1), was formalized by Langley (2), and has been universally accepted ever since [as in (3) ]. The argument derived from several similarities of the sacral outflow with the cranial outflow: (i) anatomical-a target territory less diffuse than that of the thoracolumbar outflow, a separation from it by a gap at limb levels, and a lack of projections to the paravertebral sympathetic chain (1); (ii) physiological-an influence on some organs opposite to that of the thoracolumbar outflow (4); and (iii) pharmacological-an overall sensitivity to muscarinic antagonists (2) . However, analysis of cellular phenotype was lacking. Here, we define differential genetic signatures and dependencies for parasympathetic and sympathetic neurons, both pre-and postganglionic. When we reexamine the sacral autonomic outflow of mice in this light, we find that it is better characterized as sympathetic than parasympathetic.
Cranial parasympathetic preganglionic neurons are born in the "pMNv" progenitor domain of the hindbrain (5) that expresses the homeogene Phox2b and produces, in addition, branchiomotor neurons (6) . The postmitotic precursors migrate dorsally (7) to form nuclei (such as the dorsal motor nucleus of the vagus nerve) and project through dorsolateral exit points (7) in several branches of the cranial nerves to innervate parasympathetic and enteric ganglia. In contrast, thoracic and upper lumbar (hereafter "thoracic") preganglionic neurons, which are sympathetic, are thought to have a common origin with somatic motoneurons (8, 9) . By implication, they would be born in the pMN progenitor domain (just dorsal to p3)-thus from progenitors that express the basic helix-loop-helix (bHLH) transcription factor Olig2 (10). The sympathetic preganglionic precursors then segregate from somatic motoneurons to form the intermediolateral column in mammals (11) , project in the ventral roots of spinal nerves together with axons of somatic motoneurons, and, via the white rami communicantes, synapse onto neurons of the paravertebral and prevertebral sympathetic ganglia.
We sought to compare the genetic makeup and dependencies of lower lumbar and sacral (hereafter "sacral") preganglionic neurons with that of cranial (parasympathetic) and thoracic (sympathetic) ones. As representative of cranial preganglionic neurons, we focused on the dorsal motor nucleus of the vagus nerve, a cluster of
